Introduction
The interaction of synthetic nanoparticles and cells is a topic of growing interest. There is significant evidence that exposure of cells to many types of nanoparticles results in enhanced porosity of the cellular membrane with implications for drug and gene delivery as well for both acute and chronic toxicity. [1] [2] [3] [4] [5] [6] [7] Researchers have used cell culture assays to examine increased leakage of cytosolic components out of, or extracellular dyes into, cells upon exposure to nanoparticles. Concentrations of polymeric nanoparticles that yield millimolar charge concentrations are acutely cytotoxic and lead to cell lysis. 1, 2, 5 It has also been discovered that cells exposed to noncytotoxic concentrations of polycationic nanoparticles for 1 h leak cytosolic lactate dehydrogenase (LDH) into the supernatant and that dyes such as flourescein diacetate (FDA) are able to move through the previously impermeable cellular membrane.
1,2 Complementing these cell-level studies, atomic force microscopy (AFM) experiments have examined the formation of nanoscale holes in supported lipid bilayers, model membranes, caused by nanoparticles. 3, 8, 9 Theoretical studies of these hole formation events have shown that these processes are thermodynamically feasible. 10 This has led to the hypothesis that the cell membrane leakage observed at noncytotoxic concentrations arises from the nanoscale holes induced in the cell plasma membrane. 1, 2, 4 However, no measurement of individual nanoscale hole forming events induced by cationic nanoparticles on living cell membranes, and/ or the characterization of the time course of the events, has been reported.
In this paper we report data demonstrating that exposure of live cells to nanoparticles results in the formation of nanoscale defects. Specifically, whole-cell patch-clamp experiments are used to examine cell membrane porosity via measurement of the electrical conductance of 293A (human embryonic kidney) and KB (human epidermoid carcinoma) cells before and after exposure to nanoparticles. The experimental results show the following: (a) exposure of cells to noncytotoxic levels of cationic nanoparticles results in the formation of defects that enhance conductance through the cellular membrane, (b) these defects can "recover" over time allowing a decrease in transmembrane conductance toward its original value, and (c) the size scale of these defects is comparable to that observed in model membrane studies by AFM and large enough to explain the observed diffusion of macromolecules through the cellular membrane. 1, 2 In addition, direct evidence of nanoscale hole formation induced by an amphiphilic phenylene ethynylene antimicrobial oligomer (AMO-3) [11] [12] [13] in living cell membranes is reported and compared and contrasted with the results obtained for the polycationic polymer nanoparticles.
Poly(ethyleneimine) (PEI), poly-L-lysine (PLL), generations 5 and 7 poly(amidoamine) (PAMAM) dendrimers (G5-NH 2 and G7-NH 2 , respectively), poly(vinylalcohol) (PVA), and poly-(ethyleneglycol) (PEG) were selected for this study because they represent an important group of biomedical polymers being developed for drug and gene delivery applications. Additionally, cell-level porosity assays and AFM studies have been performed with them.
1,2 As a contrast to these macromolecular nanoparticles, experiments were also performed with an antimicrobial small molecule with an m-phenylene ethynylene backbone (AMO-3). [11] [12] [13] At the concentrations used, 1-3 of these small molecules are believed to act cooperatively to form ∼3.4 nm regular pores in model membrane systems. 12, 13 Full details of all materials employed for these studies, as well as the patchclamp method are provided in the Experimental Procedures.
Results
Current-Voltage Relationships. Current-voltage (I-V) relationships for 293A cells before and after exposure to the cationic (PEI, PLL, G5-NH 2 , G7-NH 2 ) and neutral (PVA, PEG) nanoparticles are shown in Figure 1 . The molecular weight and polydispersity index of the cationic polymers is provided in Table S1 of the Supporting Information. The conductance (slope of the I-V relationship) after 20 min exposure to the cationic polymers is in the range of 80-120 nS, an increase of ∼50 times as compared with control cells. Figures S1 and S2 of the Supporting Information show the more detailed time evolution of the I-V characteristics for a single KB cell after exposure to 6 µg/mL PEI and 30 µg/mL AMO-3 solution, respectively. The concentration for each nanoparticle was selected to obtain roughly equivalent membrane disruption effects as measured by the extent of LDH leakage. 1, 2 Exposure to neutral PVA and PEG did not result in an increase in conductance beyond the background value of 2 nS; see inset in Figure 1 . Two other important characteristics of the I-V relationships are the effect on cell membrane resting potential and the linearity. After exposure to PEI, PLL, G5-NH 2 , or G7-NH 2 , the increase in conductance coincided with an increase in the cell membrane potential from ∼-20 to ∼0 mV, seen in Figure S1 . This indicates that the induced conductance is not cation specific (primarily Na + extracellularly and K + intracellularly). Additionally, the linearity of the I-V relationships, i.e. the absence of rectification, shows that Na + , K + , and likely Cl -ions are the major carriers of the current.
The implications of these results are twofold. First, the absence of rectification in the I-V data indicate that the nanoparticles do not serve as the primary charge carriers. Second, the mechanism of endocytosis itself precludes it as a process that would result in an increase in current, even when positively charged nanoparticles are involved. Specifically, during endocytosis, bulk ions from solution and surface charge neutralization between the lipid head groups and the nanoparticle would combine to form an electrically neutral vesicle that would not contribute to any net current flow. Instead the data indicate that exposure to these nanoparticles results in a breach of the cell membrane that opens the interior of the cell to the extracellular medium through holes that are not ion specific.
Current-Time Traces. Figure 2 shows the gross time evolution of the increase in current after exposure to PEI, G5-NH 2 , and AMO-3. As an exemplar, the details of the onset and partial recovery of a few events are shown in Figure 3 . These Figure 1 . (a) Current-voltage relationships (average of three for each condition) for 293A cells exposed to polymer nanoparticle solutions. The membrane potential was ramped from -80 to 20 mV in 2 s. After stable recordings were obtained (usually ∼5 min), external solutions (Modified Tyrode, pH 7.4) containing the nanoparticles were applied to the cells. Slopes of the curves represent the average conductance (g, shown in inset) after 20 min application of polycationic solutions and charge neutral polymer solutions. Polycationic solutions contained 6 µg/mL PEI, 13 µg/mL PLL, 12 µg/mL G5-NH 2 , and 24 µg/mL G7-NH 2 (pink, bright green, red, and purple, respectively); upon application, the reversal potentials of the cells moved toward 0 mV, and the conductance of the cells dramatically increased to 80-120 nS. Charge neutral polymer solutions contained 6 µg/mL PEG, and 6 µg/mL PVA (turquoise and dark green, respectively). changes in conductance are identified as individual defect formation events because they are discrete, rapid (1-100 ms risetime) increases in current flow that are followed, in the case of the polymers, by a slower recovery (1-10 s). After recording a number of current-time traces, it is possible to construct a frequency histogram of current steps with a particular magnitude.
Using 42 current-time traces for PEI, G5, G7, and AMO-3, 614 current steps were analyzed and the corresponding histograms presented in Figure 4 . The mean current step sizes for PEI, G5, and G7 are 490 ( 401, 770 ( 782, and 921 ( 1192 pA, respectively. The extremely large standard deviations arise from the current distributions being nongaussian, each possessing an asymmetric long tail toward large magnitude steps. In contrast, the current steps observed with exposure to AMO-3 are smaller in magnitude and much more narrowly distributed, all within a single bin. It should be noted that the defects reported in Figure 4 are the initial set of forming events, current <5 nA, observed after exposure to the nanoparticles. As the experiment progresses, nanoparticles are continuously being added to the extracellular solution, so that after some time the occurrence of defect formation and membrane healing begin to overlap to such a degree that it becomes impossible to identify individual disruption events.
In previous studies, the recovery of cell integrity was monitored by enzyme leakage assays. 1 The results showed that the cationic polymer nanoparticle-induced porosity was eliminated after removal of the particles for 2 h. Using the patchclamp technique allows much better time resolution and many of the recorded current events showed immediate signs of recovery after the initial increase in current flow. However, unlike the rapid onset of current, which happens in milliseconds, recovery takes a period of 10 s to occur. Approximately 60% of the events for all three types of cationic polymer nanoparticles showed an immediate recovery of 20-50% in current flow. By fitting each of these recovery events to an exponential, a time constant could be obtained to quantify their time evolution. A histogram of these values is shown in Figure 5 . The porosity produced by exposure to PEI recovers the fastest and exhibits a mean time constant of 5 ( 2 (n ) 26) seconds, which is consistent with PEI forming the largest fraction of small holes. The mean time constants for recovery are 12 ( 4 (n ) 21) and 26 ( 12 (n ) 28) seconds for G5 and G7, respectively. Student's t-test shows that the mean values of the recovery time constants are different between PEI, G5-NH 2 , and G7-NH 2 at the 90% confidence level. Finally, and in distinct contrast to the polycationic polymer nanoparticles, it is important to note that the current steps produced by the AMO-3 do not show any recovery (Figure 3b ).
Discussion
Previous reports from our group used data from AFM studies to propose a model in which the positively charged dendrimeric nanoparticles remove lipid, leading to the formation of a nanoparticle-filled vesicle. 9 The number of lipids required to form this vesicle is ∼1400 for a G7-NH 2 dendrimer. This leads to expected membrane defects of 23 nm diameter which is in good agreement with AFM images of holes formed in supported lipid bilayers after exposure to G7 dendrimers. 8 Can the increases in conductance found in the patch-clamp experiments be used to determine the size of the defects in the cellular membrane?
To estimate the diameter of the defects that are formed when cells are exposed to nanoparticles, a model for the conductance of a membrane pore is used. Following work measuring ion channel conductance in membranes, the diameter of nanoparticle-induced holes is calculated based on the magnitude of the conductance step, g step , using a well-known equation for channel conductance: 14, 15 where R step is the resistance of the hole (based on the conductance of the current step), r is the radius of the hole, l is the hole length, and F is the resistivity of the solution. The thickness of the membrane, i.e. length of the hole, is approximately 7 nm, and the resistivity of the physiological solution is about 50 Ω cm. Using expression 1 and where ∆I step is the magnitude of the current step, E m is the holding potential, and E rev is the reversal potential (considered 0 mV from the I-V relationships), it is possible to relate the experimentally measured current step to an estimate of the diameter of the hole needed to produce that change. These estimated values for the diameter of the hole formed by the nanoparticles are shown on the upper axis over the histograms in Figure 4 . The estimated error for this axis is (50% with the largest uncertainties due to the assumed resistivity of the bathing solution (∼50 Ω cm) and the voltage drop on the patch-clamp pipet. (See the Supporting Information for error estimates.)
Viewing the data presented in Figure 4 , it is evident that the PEI produces a larger fraction of events with a small current increase and calculated diameters of less than 4 nm. This correlates well with the fact that AFM studies of smaller dendrimers, G3 and G5, showed that they eroded material at the edges of defects whereas G7 had the capability to form larger holes on seemingly undefected lipid. Given the significant polydispersity of PEI, including a large fraction of low molecular weight material, finding numerous small events is not unexpected. The fact that G7 shows the same number of small current . Normalized histogram of current step distributions for 293A cells exposed to PEI, G5-NH 2 , G7-NH 2 , and AMO-3, and for KB cells exposed to PEI, with 100 pA bin size. The histograms were formed from n ) 8, 12, 13, 5, and 4 individual cell recordings, respectively. The scale for hole diameters (top axis) was obtained from eqs 1 and 2 in the Discussion section. Figure 5 . Time constants of current recoveries for 293A cells exposed to PEI, G5-NH 2 , and G7-NH 2 . The exponential fitting of time constants is as illustrated in Figure 3 (dotted red line). Cells exposed to AMO-3 did not show any recovery.
events (4-6 nm) as G5 suggests that the structural features of the cell membrane may play a dominate role in determining the magnitude of the current events. However, the recovery times for the defects caused by G7 were larger than those for PEI and G5. This could indicate that G7 dendrimers interact more strongly with the membrane defects increasing their stability.
It is interesting to note that the diameter of a circular section of membrane needed for the formation of a lipid vesicle with a G7 core is in the range of 13-16 nm. This structure has been postulated as a possible product that is formed when leptosomes and G7 dendrimers interact. Similar vesicle formation for G5 dendrimers is thought to require at least four dendrimers at the core. The long tail on the G7 distribution extends out to these diameters and beyond. It is possible that the origin for the highly asymmetric distribution is the formation of such dendrimervesicle complexes. 8 Turning to the AMO-3 data presented in Figures 2, 3, and 4 , there is a strong contrast between it and the results for the polymer nanoparticles. The most obvious difference is in the magnitude of the individual current steps: they are much smaller with a mean of 34 ( 12 pA. Using the transport model described above, the area of the pore formed by the AMO-3 molecules is calculated to be ∼2 nm in diameter. The second notable feature is the narrow size distribution. Lastly, unlike with the polymer nanoparticles, no recovery of the current is observed for the AMO-3 data.
These contrasts between the behavior of the polymer nanoparticles and AMO-3 can be examined in light of recent studies of the structure of the pores generated by AMOs. Yang et. al report SAXS experiments that show lipid bilayers developing an inverted hexagon structure upon exposure to AMO-3. 13 The structure is caused by the amphiphilic molecules inserting into the lipids and stabilizing the mosaic of pores. Analysis of diffraction data yields a lattice of 3.4 nm diameter pores with several AMO molecules associated with each individual hole. 12 The AMO-3 patch-clamp data, including the magnitude and homogeneity of the measured current steps and the lack of recovery, are consistent with the structural proposal based upon the diffraction data (vida infra).
The formation of a nanoscale hole in the cell membrane, filled with water and ions, provides the lower bound for the size of the disruptive events causing the ion permeability measured in this study. A hole or pore of this type is illustrated schematically in Figure 6ii . Note that using the current measured by wholecell patch-clamp, we cannot distinguish a single hole (ii) from two holes that sum to the same area (iii) or, for that matter, any number of holes with areas that allow a summing of ion conductance. The hypothesis of nanoscale holes of this type is also supported by AFM measurements on supported lipid bilayers, where holes of this size were directly imaged, and simulations as highlighted in Figure 7 . 8, 10 An important variation to consider is a nanoscale hole that is coated with the porating agent as illustrated in schematic model iv. This may serve to stabilize the hole and would likely affect the current recovery times ( Figure 5 ). Such models have substantial precedence in the literature for AMOs as illustrated in Figure 8 . As mentioned above, our data are in excellent agreement with these proposals. 12, 13 A coated pore has also been proposed for PAMAM dendrimers as shown in Figure 9B . 16 Intercalation models such as (vi) have also been proposed for PAMAM dendrimers as shown in Figure 9A . 17 Simulation models of dendrimers and PLL also show membrane binding and lipid disruption as illustrated in model v. [16] [17] [18] [19] [20] [21] Note that for models v and vi of the nanoscale defects, the ion conduction would be expected to be substantially reduced as compared to nanoscale hole model ii. Thus for models v and vi, the size of the nanoscale defect implied by the currents shown in Figures 2-4 would be larger than predicted size of the simple holes in which lipid and other membrane components, as well as the porating species themselves, do not occlude the hole. Significance. One of the hallmarks of the cell membrane is its ability to selectively control traffic into and out of the cell and maintain a separation between the cytosol and extracellular environment. In this report we have shown that at noncytotoxic concentrations, G7-NH 2 and G5-NH 2 dendrimer, PEI, PLL, and AMO-3 cause a physical breach in the cell membrane by creating nanoscale defects. Defect formation times were measured to range from 1-100 ms. The defect size, as estimated by conductance change, is comparable to the holes measured via AFM (for the polymers) in supported lipid bilayers or SAXS (AMO-3) in a solution of lipid vesicles. 4, 8 The data reveal that tests focusing solely on gross toxicity are not sufficient to measure or understand nanoparticle-or AMO-induced membrane disruption and, in particular, will not give a good understanding of the chronic effects of these materials on cells or tissue.
Recent reports indicate that many classes of nanoparticles, including those discussed in this report, are very facile at transporting material through tissue. [22] [23] [24] [25] [26] [27] The efficient induction of nanoscale holes in membranes provides a mechanism for at least some classes of nanoparticles. As these materials continue to be developed for use in biomedical, industrial, and consumer products, the implications of inducing porosity in tissue that comes in contact with nanoparticles will need to be investigated.
Experimental Procedures
Materials and Solutions. Poly(ethyleneimine) (PEI), poly L-lysine (PLL), and polyethylene glycol (PEG) were purchased from Sigma-Aldrich. Generation 7 PAMAM dendrimers (G7-NH 2 ) were synthesized at the Michigan Nanotechnology Institute for Medicine and Biological Sciences, University of Michigan.
The synthesis of AMO-3 was previously reported. [11] [12] [13] The pipette solution for whole-cell recordings (KINT) consisted of 140 mM KCl, 1 mM K*EGTA, and 10 mM K*HEPES and was adjusted to pH 7.35 with KOH. The extracellular bath solution was a modified Tyrode solution consisting of 137 mM NaCl, 5.4 mM KCl, 0.5 mM MgCl 2 , 0.16 mM NaH 2 PO 4 , 3 mM NaHCO 3 , 5 mM HEPES, and 5 mM glucose, adjusted to pH 7.35 with HCl and supplemented with 500 µM Ca 2+ . Whole-Cell Patch-Clamp. The 293A and KB cell lines were purchased from Invitrogen (Carlsbad, CA) and the American type Tissue Collection (ATCC; Manassas, VA), respectively, and grown continuously as a monolayer at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM, Gibco, Eggenstein, Germany) supplemented with 10% fetal bovine serum (FBS), 0.1 mM MEM nonessential amino acids (NEAA), and 1% penicillin-streptomycin. Ionic currents from single 293A cells were recorded using the whole-cell configuration of the patch-clamp technique. Recordings were carried out using an Axopatch 200B amplifier, Digidata1322A, and pCLAMP 8.2 software (Molecular Devices, USA). Micropipets were pulled from KIMBLE glass (no. 73813) on a horizontal puller (Sutter Instrument, USA). Pipette resistance ranged from 1 to 2.5 MΩ when filled with KINT solution. Nanoparticle solutions were prepared by dissolving the desired amount of solid in the modified Tyrode solution. During experiments, free modified Tyrode solution or modified Tyrode solution containing nanoparticles was superfused into the chamber holding the cells via a peristaltic or syringe pump (at flow rate of 2.2 µL/s), respectively. A small well at the opposite end of the chamber In some experiments, the holding potential was ramped from -80 to 20 mV for 1 s. In other experiments, the pipet potential was held at -70 mV and the current was low-pass filtered at 1 kHz and recorded as a function of time at a 5 kHz sampling rate.
During voltage ramp experiments, stable records were obtained for at least 5 min before applying solution containing nanoparticles. For experiments where the membrane potential was held constant, stable I-V traces were obtained for at least 2 min and then a stable current as a function of time trace was obtained for another 1.5-2 min before application of nanoparticle solution. In all experiments, the access resistance (R a ) was checked periodically during recording. Cells with R a > 5 MΩ were excluded from analysis. 
